Purpose: To investigate whether there are differences in retinal oxygen saturation in upper and lower visual field hemispheres in primary open-angle glaucoma (POAG) and in normal-tension glaucoma (NTG). Methods: This study enrolled POAG and NTG patients exhibiting differences between the upper and lower total deviation (TD) that were either more than 10 or <5 dB. Retinal oxygen saturation measurements in these patients with glaucoma were performed by a non-invasive spectrophotometric retinal oximeter. The Student's t-test was used for statistical analysis. Results: Evaluations of the worse and better hemifields in the patients with POAG who exhibited differences in the upper and lower hemifield TD that was <5 dB (n = 25) showed that there were no statistically significant differences for the retinal venous saturation of oxygen (SaO 2 ). However, there was a higher mean SaO 2 in the worse (57.0 AE 7.5%) versus the better (54.3 AE 7.0%) hemifield in the patients with NTG (n = 22; p = 0.007). Evaluations of the patients with more than a 10-dB difference in the upper and lower hemifield TD showed statistically significant differences for the retinal venous SaO 2 in the venous vessels between the POAG (n = 19) and the NTG (n = 26) patients. Conclusion: Although there was no significant difference in retinal SaO 2 in the venules between the better and worse hemifield when the difference between the better and worse hemifield in the patients with POAG was <5 dB, there was a higher SaO 2 in the venous vessels in the worse hemifield in the patients with NTG.
Introduction
The mechanism responsible for the optic neuropathy found in POAG is predominantly associated with intraocular pressure (IOP). Although IOP is still an important risk factor in NTG, other pressure-independent factors have been observed, such as an increased frequency of migraine headaches, Raynaud's phenomenon and sleep apnoea. This suggests that there may be a vascular role in the nerve damage found in patients with NTG (Shields 2008) . Thus, the differences that have been reported in POAG and NTG suggest that the pathogenesis of the disease may very well differ between these two patient groups.
After new advances and further developments in the technology for the spectrophotometric retinal oximeter, it is now possible to measure retinal oxygen saturation non-invasively in patients with glaucoma. Several recent reports have examined deeper glaucomatous visual field defects that are associated with a higher retinal SaO 2 in the venules (Michelson & Scibor 2006; Olafsdottir et al. 2011 Olafsdottir et al. , 2014 Vandewalle et al. 2014; Shimazaki et al. 2016) . These study results demonstrated the presence of changes in the oxygen metabolism in the glaucomatous retina. It is possible that these changes could be related to the observed retinal ganglion cell loss. However, as the retinal blood flow can also be influenced by glaucoma medications, the IOP and systemic blood pressure, among others, it is possible that the effects seen for the retinal SaO 2 could be caused by these other factors. Intra-individual comparisons of the hemifields may cancel out the factors that influence the SaO 2 of the retinal vessels. Therefore, the main difference that is subsequently observed will be indicative of the actual extent of the glaucomatous damage. To further investigate the relationship between the SaO 2 of the retinal vessels and the visual field defect, we recently performed comparisons of the hemifields in patients with glaucoma. Our findings indicated that there was an association between the increased SaO 2 in the venous vessels and the advanced glaucomatous visual field defects . Michelson & Scibor (2006) examined eyes with NTG and reported finding a significantly decreased arteriolar SaO 2 compared with normal subjects. Pinto et al. (2016) recently reported that the NTG group (but not the POAG group) had significantly higher venous SaO 2 than the healthy group. The aim of this study was to further investigate the visual field defects in the upper and lower hemifields of patients with POAG and NTG and determine whether there was a relationship with the oxygen saturation of the corresponding retinal vessels.
Materials and Methods
All patients were examined at Kagawa University Hospital between January 2016 and May 2016, with all eligible subjects receiving a detailed explanation of the study. All enrolled subjects provided written informed consent in accordance with the principles outlined in the Declaration of Helsinki. The Institutional Review Board of the Kagawa University Faculty of Medicine approved the study protocol.
All subjects underwent a complete ophthalmic evaluation that included visual acuity testing with refraction, IOP, gonioscopy with a goniolens and dilated fundus examination with stereoscopic biomicroscopy of the optic nerve head using slit lamp and indirect ophthalmoscopy. Open-angle glaucoma was diagnosed in all study patients, with none of the subjects found to have any other ophthalmic diseases. Glaucomatous eyes were defined as eyes with structural glaucomatous changes that included vertical cup-disc asymmetry between fellow eyes of ≥0.2, a cup-disc ratio of ≥0.6 and neuroretinal rim narrowing, notches, localized pallor or retinal nerve fibre layer defects with corresponding glaucomatous visual field loss. The glaucomatous visual field was defined as a glaucoma hemifield test with at least two consecutive baseline tests outside of the normal limits. This definition required the presence of at least three contiguous test points that were within the same hemifield on the pattern deviation plot at p < 1% and at least one that was at p < 0.5%. Any of the points that were on the edge of the field or that were directly above and below the blind spot were excluded. For the POAG diagnosis, patients were required to have an untreated IOP of >21 mmHg. Patients were classified as having NTG if they had an untreated IOP ≤21 mmHg. In addition, to be enrolled in the study, patients had to have open angles (grades 3 and 4 according to the Shaffer grading system) and exhibit a difference in the TD of the visual field in both the upper and lower hemifields that was more than 10 or <5 dB. Furthermore, if patients exhibited a difference that was <5 dB between the upper and lower hemifield, the worse hemifield TD had to be less than À12 dB to be included in the study. Patients were excluded from the analyses if they had a history of any kind of retinal pathology or neurologic disease, retinal laser procedure or either retinal or intraocular surgery. Patients with a history of cataract surgery were included in this study.
Standard visual field testing was performed by the Humphrey Field Analyzer II (Carl Zeiss Meditec, Dublin, CA) using the 30-2 Swedish Interactive Threshold Algorithm Standard test of the static automated whiteon-white threshold perimetry. Only reliable test data were used in our analyses. The visual field was defined as being reliable when the fixation losses and the false-positive and falsenegative rates were <20%. The patients with glaucoma were familiar with the procedure, as all of the subjects had previously undergone visual field testing. Even though the oximetry and perimetry measurements were not performed on the same day, no more than 6 months had elapsed after the perimetry measurements prior to performing the oximetry.
A non-invasive spectrophotometric retinal oximeter (Oxymap ehf., Reykjavik, Iceland) was used for all of the retinal oximetry measurements. The fundus camera (Topcon TRC-50DX; Topcon Corporation, Tokyo, Japan) of this device contains an attached image splitter with two digital cameras. The measurement procedure has been described in detail elsewhere (Geirsdottir et al. 2012) . Briefly, two different wavelengths are used to capture the images. The 600-nm wavelength is sensitive, whereas the 570-nm wavelength is not sensitive to oxyhemoglobin.
Based on the two images acquired at these wavelengths, the software algorithm then automatically calculates the optical density and the ratio of the optical density for each retinal vessel. All measurements were conducted in a dark room, with all of the images captured after dilation of the pupils using 0.5% tropicamide and 0.5% phenylephrine.
Measurements from the images were performed by a single examiner (T.S.). OXYMAP ANALYZER software (version 2.5.1; Oxymap ehf.) creates two circles that are 1.5 and three times larger than the optic disc radius. To measure the SaO 2 , the main superior-temporal, superior-nasal, inferior-temporal and inferior-nasal retinal arteries and veins are first located, all of which were found between the two circles. Subsequently, separate measurements of the SaO 2 are then performed in each of the areas. For a retinal vessel to be used in the analysis, it had to have a width of more than six pixels and a length of more than fifty pixels. The three categories that were used to evaluate the quality included the overall image, the contrast and the focus. An overall image quality >5 was required before an image was used in this analysis.
After dividing the hemifields of each eye into two areas (upper and lower hemifield), one area was classified as the worse hemifield (worse TD) and the other was defined as the better hemifield (better TD). Subsequently, the mean SaO 2 was calculated for the superior-temporal and superior-nasal retinal arteries and veins, and then calculated for the inferior-temporal and inferior-nasal retinal arteries and veins. The inferior-temporal and inferior-nasal retinal arteries and veins were included in the upper hemifield, whereas the superior-temporal and superior-nasal retinal arteries and veins were included in the lower hemifield.
SPSS for Windows (SPSS Inc., Chicago, IL, USA) was used to perform all of the statistical analyses. Statistical significance of the difference in TD, vessel diameter and retinal SaO 2 were determined using the Wilcoxon signedrank test. The Kruskal-Wallis test was used to determine the statistical significance of the difference in image quality. The correlation between TD and retinal SaO 2 in the venules was examined using Spearman rank-order correlations. p < 0.05 was considered statistically significant. All statistical values are presented as medians.
Results
A total of 92 patients with glaucoma were enrolled in the study, with the patients divided into the POAG (n = 44) and NTG (n = 48) groups. In each of the hemifields examined, the difference in the TD between the upper and lower hemifield was either more than 10 dB (10 dB group) or <5 dB (5 dB group; Table 1 ).
In the arterioles of the 5-and 10-dB POAG groups, there was no statistical difference in the retinal SaO 2 between the better (100.2%, 105.8%) and the worse (99.8%, 105.0%) hemifield, respectively (Table 2 ). In the venules, although the worse hemifield (56.7%) exhibited a significantly higher SaO 2 versus the better hemifield (52.6%; p < 0.001) in the 10-dB POAG group, our analyses indicated that there was no statistical difference between the better and worse hemifield in the 5-dB POAG group. In the venules of the patients with NTG, our analyses revealed there was a significantly higher SaO 2 in the worse versus the better hemifield in both the 5-and 10-dB groups (Table 2 ). There was no correlation found between SaO 2 in the venules, although there was a trend for a correlation between SaO 2 in the venules and visual field mean defect in which SaO 2 in the venules was increased in the worse visual field (p = 0.06-0.80).
Comparisons of the vessel diameters between the hemifields in the POAG and NTG patients are shown in Table 3 . Although the 5-dB group exhibited no differences in the vessel diameters between the better and worse hemifields in patients with POAG, our results for the 10-dB group showed a significantly lower arterial diameter in the worse hemifield. Although not statistically significant, the arterial diameter tended to decrease in the worse hemifield in both the 5-and 10-dB group of the patients with NTG. Table 4 shows the quality of images retrieved from Oxymap. There was no significant difference among the four groups.
Discussion
Our comparison between the worse and better hemifields of the POAG and NTG patients demonstrated no significant difference in SaO 2 in the arterioles. However, even when the difference between the upper and lower hemifield TD in the NTG patients was <5 dB, we found a higher SaO 2 in the venous vessels in the worse hemifield. On the other hand, when the difference between the upper and lower hemifield TD in the patients with POAG was <5 dB, we found no significant difference in the retinal SaO 2 in the venules between the better and worse hemifield. Our results suggest that two different mechanisms may be involved in the increase in SaO 2 in the venules. First, initial retinal ganglion cell loss could have led to a reduction in retinal oxygen extraction. A second possibility is that initial vascular changes led to the development of an insufficient blood supply, thereby causing ischaemia. Previous studies have shown that when there are reductions in the blood flow to levels that are insufficient to meet the oxygen demand of the tissue, hypoxia and eventual glaucomatous tissue damage can result (Flammer et al. 2002; Resch et al. 2009 ). In our current study, when the difference between the worse and better hemifield TD was <5 dB, patients with POAG essentially exhibited no difference in the retinal SaO 2 in the venous vessels between the worse and better hemifields. However, rather than being an indication of the primary cause of the disease, these results indirectly suggest that the increased SaO 2 in the venules of the worse hemifield is more likely to be secondary to the glaucomatous atrophy. Vascular insult leads to ganglion cell loss, which then leads to a reduction in retinal oxygen extraction. In contrast, when the difference between the worse and better hemifield TD was <5 dB in the patients with NTG, the worse hemifield exhibited a significantly higher SaO 2 in the venules when compared to the better hemifield. Overall, these results indirectly suggest that it is the change in the SaO 2 in the venules that is most likely to be the primary cause of the insufficient oxygen supply. If ischaemia, where blood flow is insufficient for the oxygen demand of the tissue, were the primary cause of NTG, we would expect that tissue should extract an increased proportion of oxygen from the blood, and thus, SaO 2 in the venules would be decreased. However, this is not what we observed in the current study. So far, why SaO 2 in the venules is increased in the worse part of a mildly damaged visual field in patients with NTG is not clear. Further investigation is needed to clarify this observation and determine what causes increases in SaO 2 in the venules in the NTG group.
The results of several previous studies have suggested that many factors may influence the retinal SaO 2 , such as glaucoma medication, age, IOP and systemic blood pressure (Siesky et al. 2008; Traustason et al. 2009; Geirsdottir et al. 2012; Jani et al. 2014; Nakano et al. 2016) . However, comparisons of the retinal SaO 2 in different groups can be hard to perform, as the use of interindividual comparisons means that it is unlikely that the factors that influence the retinal SaO 2 will cancel out. One potential way to avert this limitation would be to perform evaluations only in the upper and lower hemifields of the same eye. When the hemifields are compared to perform intra-individual comparisons, factors such as the glaucoma medication, age, IOP and systemic blood pressure are likely to be cancelled out to a large degree. As a result, the primary differences that are then observed will represent the specific glaucomatous damage that is actually present.
We measured arterial saturation values that were over 100%, which occurs due to calibration of retinal oximeters . The Oxymap system uses calibration coefficients derived from oxygen saturation values measured in predominantly Caucasian subjects (Schweitzer et al. 1999) . Because the fundus of Japanese subjects is more pigmented than that of Caucasians, this discrepancy may account for the racial variations in the measurements of retinal oximetry.
There were some limitations with regard to our current study. First, the blood flow velocity was not measured in our current study. Direct measurements of the blood flow velocity combined with oximetry measurements could have helped us to better clarify and elucidate the pathogenesis of glaucoma. Another potential limitation of (82, 110, 133, 146) 114 (90, 106, 129, 149) 0.90 102 (73, 95, 111, 128) 110 (84, 104, 118, 140) 0.04 Venules (lm) 156 (105, 140, 171, 185) 154 (115, 141, 171, 187) 0.58 145 (91, 135, 156, 208) 148 (85, 134, 166, 208) 0.38 NTG (n = 22) (n = 26) Arterioles (lm) 107 (83, 95, 116, 142) 116 (93, 102, 121, 155.) 0.02 108 (84, 94, 120, 137) 114 (81, 102, 128, 146) 0.19 Venules (lm) 153 (99, 132, 165, 183) 157 (85, 133, 175, 195) 0.44 147 (118, 137, 156, 190) 153 (116, 138, 166, 181) 0.73 NTG = normal-tension glaucoma, POAG = primary open-angle glaucoma. Worse: vessels corresponding the worse hemifield; Better: vessels corresponding the better hemifield. Data are presented as median (minimum, first quantile, third quantile, maximum). the current study is that the sample size found in each of our groups was small. Therefore, to achieve better insight into the oxygen changes, studies with larger patient populations will need to be undertaken in the future. In summary, even when the difference between the upper and lower hemifield TD in the patients with NTG was <5 dB, we found a higher SaO 2 in the venous vessels in the worse hemifield.
